In the last decade, many studies have been conducted to enhance the selenium content of edible plants by different types of cultivation. Although it is not known if Se exerts any beneficial effects on the plants themselves, Se enrichment of plants improves the nutritional status of selenium in man. Recently, some studies have shown that appropriate selenium addition to plants promotes their growth and is also supposed to increase their antioxidative capacity, helping to decrease oxidative stress in plants. 1, 2 The reactivity and nutritional bioavailability of selenium in selenium-enriched plants depend not only on the total concentration, but predominantly on the selenium species present. Consequently, it is very important to determine the chemical species of selenium present in plants. 3 Selenium-enriched plants accumulate selenium in different forms: cereals and yeast predominantly as SeMet, and Allium plants as Se-methylselenocysteine (SeMeSeCys). [4] [5] [6] Bodo et al. determined the selenium species in Brazil nuts and, because of the high fat content of the samples, they defatted them first by extraction with cyclohexane; only 0.2% of selenium was lost in this procedure. 7 The main selenium species in these nuts was SeMet, representing 96% of the total Se content; traces of selenocystine (SeCys2) were also found. Another study on selenium speciation in some nuts (Brazil nuts, walnuts…) was made by Kannamkumarath et al. and much lower contents for Se in the form of SeMet were obtained (19 -25%). They used chloroform and methanol (2:1) to remove fat.
centuries in traditional medicine, mainly in the case of problems of the kidney or the urinary tract, and against tapeworms. They are normally only a moderate source of selenium. But lately several studies were made to enhance the selenium content in edible plants by different types of cultivation. In our previous work, we already studied the ability of pumpkin seeds to accumulate selenium by foliar application of an aqueous solution containing 1 mg Se/L and we found that the Se content of Se treated plants was about 3.5-fold higher than in nontreated ones. So it was concluded that pumpkin seeds are an appropriate food item for selenium enrichment. 9 For determination of water soluble species of selenium in biological samples, the most often used techniques are ion exchange (cation and anion) and reverse phase liquid chromatography with different detection systems (ICP-MS, AAS, AFS, ETAAS). 10 In the literature, HPLC is most often used in connection with ICP-MS, 4, [11] [12] [13] [14] [15] HG-AAS 16 and HG-AFS. 7, [17] [18] [19] For separation of volatile selenium species, GC may be used. 20 The aim of this work was to identify and quantify the selenium species in pumpkin seeds enriched in selenium by foliar fertilization, using high performance liquid chromatography-ultraviolet treatment-hydride generation atomic fluorescence spectrometry (HPLC-UV-HG-AFS).
Materials and Methods
Samples and sample preparation Samples. Pumpkins (Cucurbita pepo L.) cv. Utajerska golica with thin-husked (naked) seeds were used. Seeds were germinated under sterile conditions. Ten-day-old seedlings were transferred to the experimental field of the Biotechnical Faculty, University of Ljubljana. Two different conditions of cultivation were used: applying Mylar foil that does not absorb UVB rays, and foil that allows passage of UVB rays. For each condition of cultivation, the seedlings were planted in 1.5 m × 1.5 m plots (2 plants per plot, four plots per treatment). Plants were treated once by spraying the leaves in the flowering period with a water solution containing 1.5 mg Se per liter in the form of Na2SeO4. Selenium untreated plants were grown in the same location beside the treated plants, on the same soil, but separated to prevent contamination. Sample preparation. For analysis, seeds were milled and homogenized with an agate FRITSCH mill, Pulverisette 7. Lipid removal. Lipid removal was carried out with diethylether; to 2 g of milled sample 30 mL of diethylether was added and the mixture was shaken for 8 h. After that, the organic phase was removed and the extraction procedure with shaking was repeated for 2 h 3 times and then the samples were redried. Then the samples were milled again. Total selenium determination in pumpkin seeds. The procedure for total selenium determination is described in detail elsewhere. 21 Briefly, 0.150 -0.200 g nondefatted or defatted sample was weighed in a Teflon tube and digestion was performed using a digestion mixture of 0.5 mL H2SO4 and 1.5 mL HNO3 and heated in a screw-capped tube in an aluminium block, which was kept at 130˚C for 60 min. After cooling, 2.5 mL H2O2 was added and tube was heated for 10 min at 115˚C. Then again 2.5 mL of H2O2 was added and the tube was heated for 10 min at 115˚C. After the solution was cooled to room temperature, 0.1 mL V2O5 in H2SO4 was added and the tube was reheated at 115˚C for approximately 20 min (until the solution became blue). To reduce Se(VI) to Se(IV), we added 2.5 mL of concentrated HCl to the solution and we heated it for 10 min at 100˚C. Samples were diluted to 20 g with MilliQ water.
Sensitive detection was achieved by hydride generation atomic fluorescence spectrometry (HG-AFS) under the chemical and instrumental operating conditions adopted from Mazej et al. and presented in Table 1 . 22 The total selenium content in the oil removed by ether extraction was determined by radiochemical neutron activation analysis. 23, 24 Selenium species determination. For selenium speciation, 300 -350 mg of defatted sample was submitted to 50 mg of the nonspecific enzyme protease Streptomyces griseus (Protease XIV, Merck) dissolved in 4 mL of 25 mmol L -1 phosphate buffer (pH 7.5). The sample was stirred at 200 rpm for 24 h at 37˚C (SW 22, Julabo). After that, the sample was centrifuged at 14000g for 45 min at 20˚C (5804R, Eppendorf). The supernatant was filtered through a 0.25 µm filter (Millipore) and used for selenium speciation analysis by HPLC-UV-HG-AFS. Standard solutions of the Se species Se(IV), Se(VI), SeMet, SeCys2, SeMeSeCys (Sigma-Aldrich) were prepared with appropriate concentrations. For total selenium determination in supernatants and pellets, we used the same procedure as for defatted pumpkin seeds.
HPLC-UV-HG-AFS instrumentation
The separation system consisted of a high pressure pump and a Hamilton PRPX-100 anion exchange column (4.1 mm × 250 mm × 10 µm). For verifying the results, we used a cation exchange column Hamilton PRPX-200 anion exchange column (4.1 mm × 250 mm × 10 µm). The chromatographic system was connected on-line to a HG-AFS system used as the detection system ( Fig. 1) for which the operating conditions are shown in Table 1 . 25 The separation conditions described enabled the separation of the Se species (Se(IV), Se(VI), SeMet, SeMeSeCys, SeCys2) on anion and cation exchange columns (Fig. 2) ; detection limits for each species were lower than 2 ng g -1 solution, except for SeMet on the anion (2.7 ng g -1 solution) and cation exchange column (13 ng g -1 solution).
Results and Discussion

Total Se accumulation
No visual symptoms of selenium toxicity appeared in pumpkin plants enriched with selenium. The selenium content in exposed pumpkin seeds was on average 6-fold higher compared to that in the untreated control seeds (Table 2) . Results from this study are in agreement with our previous study. 9 In that case, plants were treated with 1 mg Se per liter; the Se content in the control group was 108 ng g -1 and that in the exposed group 381 ng g -1 , which means 3.5-fold increase of Se content. When we studied the application of different light conditions, we observed that ambient radiation leads to slightly higher selenium accumulation in comparison to the group to which Mylar foil was applied, which does not permit UV rays to pass through. Hartikainen et al. conducted experiments to see if appropriate levels of selenium in plants can defend them against oxidative stress caused by internal factors such as increased radiation. Without added selenium, the radiation diminished the yield of lettuce and ryegrass, but higher selenium content reduced oxidative stress. 26 
Sample preparation
After fat removal from the seeds, we determined the selenium content in the extracted oil, which represented on average 40% of the sample mass. In pumpkin oil, the selenium content was under the detection limit (1 ng g -1 of sample) for radiochemical neutron activation analysis. Water and enzymatic extraction treatments were tested (Table  3) . We found that 55% of selenium was water-soluble, so almost half of the selenium was insoluble. Pyrzynska reported that some Se species are water-soluble and if the efficiency of water extraction is high, this means that the majority of selenium species are in non-protein bound forms. 3 In our case, the use of enzyme provided a much higher extraction yield (90%) of selenium. Samples were treated with different amounts of the enzyme protease XIV, from 30 to 80 mg, and Milli Q water or 25 mmol L -1 ammonium phosphate buffer was used as a different hydrolysis medium in order to optimize the sample preparation procedure for 300 -350 mg of defatted sample. If we compare the average percentage of extracted selenium using different conditions of enzymatic hydrolysis, we find that there was no relation with the mass of enzyme or the medium used.
Sampling, storage and sample preparation are the most critical steps in selenium speciation. 3 The storage conditions, such as microbial activity, temperature, pH and light action can cause species interconversion, volatilization, adsorption, precipitation and interaction with the container material. 27 So we wanted to check if our storage conditions would influence the results of selenium speciation. The stability of Se species was checked over a period of 5 months of storage of supernatants at -18˚C in plastic tubes. From the results is seen that there is no significant difference of Se content in the form of SeMet between determinations, so the mentioned storage conditions are appropriate (Table 4) . Also, Dumont et al. state that sample storage at -20˚C prevents transformations of Se species in yeast, but on the other hand, if samples are kept at 4˚C, species transformation occurs. 28 
Se species in pumpkin seeds
For quality control of our procedure for determination of Se species, we analyzed the reference material Durum Wheat Flour, NIST 8436 and made a comparison with literature data. 29 Wolf and Goldschmidt found 0.59 µg Se g -1 in the form of SeMet in this material, and similarly we found 0.57 ± 0.04 µg Se g -1 with 3 determinations.
In water extracts we found only traces of SeMet, so evidently the major part of water-soluble selenium in seeds was not in the form of free SeMet, but in the form of water-soluble peptides that are not decomposed and then detected by our detection system. On subjecting the enzymatic hydrolysis extract to the anion exchange column, we obtained a huge SeMet peak, which was also the only peak (Fig. 3) . On the cation exchange column we confirmed the presence of SeMet. On both columns SeMet was identified by a standard addition method, because the matrix of the sample supernatant shortened the elution time of species from sample in comparison with the time from a standard, which was prepared in water solution.
We observed that the majority of selenium after enzymatic hydrolysis of the samples was bound as SeMet, which represents an average of 81% of the total Se content in the sample (Table 5 ). This means that most of the Se(VI), taken up after foliar application was transformed to SeMet.
No differences in the presence of species were found among the uses of different radiation conditions. We compared our results with literature data for some seeds of similar matrix. All nuts were of different origin and are naturally rich in selenium; SeMet was found to be the major selenium species in all cases. Bodo et al. found a similar percentage of Se in nuts in the form of SeMet (96%) to the value we found in pumpkin seeds (81%). 
